We assessed the ability to conserve water in collared peccaries (Tayassu tajacu) and feral hogs (Sus scrota) by comparing renal morphology in free-ranging populations living sympatrically in southern Texas. These ecologically similar species coexist in a hot, semi-arid environment in which ability to conserve water may provide a competitive advantage. Kidneys of collared peccaries had relatively larger and thicker medullae and presumably a greater capacity to concentrate urine than feral hogs. Renal indices of peccaries were similar to values predicted by allometric functions, whereas indices of hogs were smaller than predicted. Renal mass in hogs, when scaled by (body mass)O.85, was larger than that of peccaries. Indices of renal function from this study were greater than values reported previously for these species. Geographic variation and adaptation during growth may play a role in renal morphology. Genetic constraints probably control large-scale differences, constraining feral hogs to being less suited to water-stressed environments. Results were consistent with predictions that peccaries should have a competitive advantage over hogs in xeric environments with minimal surface water because of ecophysiology. However, a suite of environmental, behavioral, and functional factors appears to control competitive interactions between native peccaries and introduced hogs.
Introduced species and their effects on native flora and fauna are a major concern in conservation and ecology, with competitive effects being among the most ecologically intriguing. Competition is a driving ecological force in the evolution of plant and animal communities. Introductions of exotic species change dynamics of communities and force native species to compete with or adapt to the new competitors. Feral hogs (Sus scrota) are naturalized from domestic derivatives of Eurasian wild pigs, which evolved in the Old World. They have been part of the fauna of the New World for ca. 500 years (Mayer and Brisbin, 1991) . The distribution and abundance of hogs have grown dramatically in the past 100 years, and hogs impact mUltiple components of ecosystems, especially in Australia and the southern United States (Singer et aI., 1984; Tisdell, 1982) .
Collared peccaries (Tayassu tajacu), a native tayassuid, and feral hogs now occur sympatrically from southern Texas into central and South America (Oliver and Brisbin, 1993) . Recently, competitive interactions and partitioning of resources between these ecologically similar species have been explored. Ilse and Hellgren (1995a, 1995b) reported that sympatric peccaries and hogs exhibited different patterns of selection for diet and habitat, but also that the ecological density of peccaries was negatively related to indices of density of hogs. They pro-posed that differences in ecophysiology and foraging ecology lead to predicted changes in the competitive balance between the two species under differing environmental conditions.
One prediction of the competitive relationship between peccaries and hogs is that in relatively xeric conditions with minimal surface water, peccaries should be competitively superior to hogs. In hot, arid, and semi-arid environments, thermoregulation and water balance are maintained by physiological and behavioral adaptations. Hogs appear to require surface water for drinking and moist areas for wallowing, a behavioral form of thermoregulation (Baber and Coblentz, 1986; Barrett, 1978; Eisenberg and Lockhart, 1972) . In contrast, peccaries can maintain water balance on little drinking water because of high intake of succulent plants, reduced loss of evaporative water, greater concentration of urine, and behavioral avoidance of extreme temperatures (Zervanos and Day, 1977; Zervanos and Hadley, 1973) .
Renal structure plays a key role in the conservation of water (Sperber, 1944) . Water-concentrating capacities of kidneys can be measured in several ways; glomerular area, glomerular concentration, maximum urine osmolality, relative medullary area, and relative medullary thickness (Brownfield and Wunder, 1976; Sperber, 1944; Zervanos and Naveh, 1988) . The latter three values seem to be flexible adaptations to environmental conditions (Lawler and Geluso, 1986; Zervanos and Naveh, 1988) , with urine concentrations varying widely within a matter of hours, and relative medullary measurements being more stable within an individual or population.
Water may be a limiting resource where peccaries and hogs occur sympatrically in semi-arid southern Texas. Under such a limiting factor, renal structure and function will affect the ability of each species to compete. Maximum urine osmolality of domestic pigs is ca. 1,080 mOsm/kg (Brownfield and Wunder, 1976) , whereas peccaries may reach 1,270 mOsm/kg (Zervanos and Hadley, 1973) . Relative medullary thickness of domestic hogs is ca. 1.6 (Sperber, 1944) , although feral hogs from wild populations have values ranging from 2.35 to 2.70 (Zervanos and Naveh, 1988) . The only value for relative medullary thickness available in collared peccaries is 2.53 (Zervanos, 1985) , although field conditions were not described. We sought to address the prediction that collared peccaries are better adapted to arid and semi-arid environments than feral hogs. We assessed the water-conserving ability of peccaries and hogs by comparing renal morphology of free-ranging populations living in sympatry.
MATERIALS AND METHODS
Research was conducted on the 6,151-ha Chaparral Wildlife Management Area, which is owned by the Texas Parks and Wildlife Department, in Dimmit and LaSalle counties in southern Texas. The Chaparral Wildlife Management Area is in the South Texas Plains ecological region and receives an average of 64 ± 22 (SD) cm of precipitation annually. The climate is characterized by hot summers (mean July temperature = 30.4°C) and mild winters (mean January temperature = 12.5°C). Vegetation consisted of semi-arid, mixed brush, dominated by mesquite (Prosopis glandulosa) and prickly pear (Opuntia lindheimeri), as described by Green et al. (1985) .
Peccaries and hogs killed by hunters were brought intact to investigators at the Chaparral Wildlife Management Area during public hunts in January and February, 1994 and 1995. Sex, age, intact body mass, and carcass mass (body mass after evisceration) were noted for each animal. Animals were classified as adults if all permanent teeth had erupted, otherwise they were considered as young (Kirkpatrick and Sowls, 1962; Matschke, 1967) . Kidneys were collected and frozen. Later, external fat was removed from the kidneys, and kidneys were weighed (wet mass) and fixed in 10% formalin for> 14 days. After fixation, kidneys were cut midsagittally to expose the greatest area of the medulla (Sperber, 1944) . Description of the kidneys of hogs is given in Sperber (1944) . Kidneys of collared peccaries were similar in shape to those of hogs. However, the renal papilla was smoother (Le., did not form crests), and the corticomedullary junction was usually more distinct in kidneys of peccaries. Each kidney was measured for length, width, thickness, medullary thickness, and medullary-cortical thickness (Sperber, 1944; Zervanos and Naveh, 1988) with dial calipers. A 5-mm grid was placed over the cut kidney to estimate medullary and cortical areas (Zervanos and Naveh, 1988) . Relative medullary thickness (RMT) was calculated as lO·medullary widthl(kidney length· kidney width·kidney thickness)l/3 (Sperber, 1944) . Relative medullary area (RMA) was calculated as medullary area/cortical area (Brownfield and Wunder, 1976) . Following Brownfield and Wunder (1976) , we calculated percentage medullary thickness (PMT) as 100·medullary thickness/(cortical thickness + medullary thickness), and percentage medullary area (PMA) as 100·(medullary area)/(medullary area + cortical area). All indices for both kidneys were averaged for each animal. Variance and degrees of freedom were reduced by averaging data from the paired kidneys. Data from each kidney are not independent observations, whereas data averaged from each pair of kidneys are independent.
One-way analysis of covariance was used to test for interspecific differences in kidney mass and RMT. The covariate was scaled body mass. Published allometric equations relating kidney mass to (body mass )0.85 and RMT to (body mass)-0.08 were used to scale body mass (Blake, 1977; Calder and Braun, 1983) . We did not factor out body mass for other renal indices because no equations were available in the literature. Interspecific differences for other renal indices were examined with t-tests. A three-way facto- for PMA of peccaries. Females had larger PMA than males, and peccaries harvested in 1995 had greater PMA than those in 1994. Comparisons between peccaries from parts of the study area with varied levels of competition (hogs versus no hogs) revealed no differences (P > 0.21 for all peccaries; P > 0.36 for subadults only) for any renal index.
DISCUSSION
Several investigators have noted relationships among urine-concentrating ability, renal morphology, and body mass (Blake, 1977; Greegor, 1975; Lawler and Geluso, 1986) . Maximal concentrations of urine and indices of renal structure are inversely related to body mass. Allometric relationships between renal medullary thickness and represented by open diamonds with letters a (n = 118; present study), b (n = 9; Zervanos, 1985) , and c (n = 11; Zervanos, 1985) . Feral hogs are represented by solid squares with letters d (n = 21; present study), e (n = 40; Zervanos and Naveh, 1988) , and f (n = 7; Zervanos et aI., 1983) . Domestic hogs are represented by stars with letters g (n = 19; Zervanos and Naveh, 1988) and h (n = 3; Zervanos et aI., 1983). body mass have been developed separately for mammals from mesic (Blake, 1977) and xeric (Calder and Braun, 1983; Greegor, 1975) environments, because of structural adaptations in the kidneys of xeric-adapted species for conservation of water. We analyzed our data using the relationship developed for mesic-adapted species because both collared peccaries and feral hogs evolved in mesic environments (Byers and Bekoff, 1981; Mayer and Brisbin, 1991) .
Our data on renal morphology suggest that on our study area, peccaries have a greater urine-concentrating ability than hogs, even when scaled for body mass. Based on the allometric equation for mesic species presented in Calder and Braun (1983) , the relative medullary thickness for peccaries was about as predicted for their body mass (3.97 predicted versus 3.67 observed), but was much below predicted for feral hogs (3.67 predicted versus 2.82 observed). Other data from the literature suggest that hogs are poorly adapted for conservation of water (Fig. 1) . In addition, peccaries can withstand higher temperatures and solar radiation than dark swine (Porter and Gates, 1969; Zervanos and Hadley, 1973) . Peccaries also have greater thermal conductance than hogs, permitting more efficient dissipation of heat by convection and radiation (Zervanos and Hadley, 1973) . Therefore, although the collared peccary is not a xeric-adapted species (Zervanos and Hadley, 1973) , ecophysiological characteristics of peccaries support the premise that they should have a competitive advantage over feral hogs in water-limited, semi-arid environments.
Values of relative medullary thickness and relative medullary area determined in our study area were higher than previously reported for suiforms (Sperber, 1944; Zervanos, 1985; Zervanos and Naveh, 1988) . Indi vidual and populational variation in these values has been attributed to genetic selection or adaptation during growth and development (Heisinger and Breitenbach, 1969) . Lawler and Geluso (1986) attributed local variation in renal morphology of heteromyids to sensitivity of renal function to differences in microhabitat. This conclusion was supported by Zervanos and Naveh (1988) , who proffered that the degree of water stress in the environment influenced the development of renal morphology in feral hogs. Our observation of an interaction between year and age for RMT and PMT in peccaries supports a scenario involving acclimatization of renal morphology to environmental stress. Young animals «2 years old) killed in February 1994 were growing rapidly during a drought in summer and autumn 1993. In 1993, there was 43 cm of precipitation on the Chaparral Wildlife Management Area, of which only lO cm was recorded in the last 6 months of the year. These animals had higher renal indices than young animals killed in 1995 after a rainy year in 1994 (83 cm of precipitation; 33 cm in the last 6 months). Samples were collected from subadults throughout the study area and from several herds, so genetic relatedness was not a confounding factor. Other analyses indicated that these changes were consistent when controlled for level of competition (hogs versus no hogs). We attribute the lack of yearly change in adult animals to averaging of renal measurements across several annual cohorts.
Finally, our study provides insight into two additional areas. First, S. M. Zervanos (in litt.) suggested that competition may increase the level of renal efficiency. Our data failed to support this hypothesis because renal indices did not differ between peccaries occurring where hogs were present and peccaries occurring where hogs were absent. Second, higher RMA, PMT, and PMA values in female than in male peccaries suggested adaptation to the additional water stress of lactation during hot spring and summer months.
We conclude that the water economy and thermal adaptations of collared peccaries provide them a competitive advantage over feral hogs in a hot, water-limited environment. However, behavioral adaptations of hogs to heat and water stress, such as strong selection of hydric and mesic habitats, selection of cool microsites for bedding, and a relatively more nocturnal habit than peccaries (lIse and Hellgren, 1995a), may partly compensate for the physiological advantages of peccaries. In addition, the comparative ecology of foraging (Herring, 1972; lIse and Hellgren, 1995a; Kiltie, 1981) , the two-to-three fold difference in body mass, and the disparate life-history strategies of peccaries and hogs (Barrett and Spitz, 1991) add complexity to the competitive equation between these two suiforms.
